All reagents used were of analytical grade; deionized water Two novel potentiometric sensors that are highly selective to Hg 2+ ions are described. These are based on the use of 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) and tricyclazole (TCZ) as neutral carriers in plasticized poly(vinyl chloride) membranes. Fast Nernstian responses are obtained for Hg 2+ ions over the concentration ranges 7.0 × 10 -6 -1.0 × 10 -2 and 7.7 × 10 -6 -1.0 × 10 -2 mol l -1 at pH 1.8 -3.3 with lower detection limits of 5.0 × 10 -6 and 5.6 × 10 -6 mol l -1 (∼1 μg ml -1 ) and calibration slopes of 30.0 and 29.7 mV decade -1 with DTNB-and TCZ-based membrane sensors, respectively. Validation of the assay method reveals good performance characteristics, including long life span, good selectivity for Hg 2+ ions over a wide variety of other metal ions, long term response stability, and high reproducibility. Applications for direct determination of mercury in hazardous wastes including dental amalgam, mercury bulbs, and fluorescent lamps give results with good correlation with data obtained using cold vapor atomic absorption spectrometry.
Introduction
Mercury ions at low concentration levels is considered as a highly toxic pollutant.
The growing awareness of environmental mercury pollution due to the wide availability of agricultural, industrial and pharmaceutical mercury-containing compounds necessitates availability of simple, accurate, precise and selective methods for the determination of mercury in a wide variety of materials. Methods in common use for mercury analysis include cold vapor atomic absorption spectrometry, 1, 2 fluorometry, 3 X-ray fluorescence, 4 voltammetry, 5 inductively coupled plasma/mass spectrometry, 6, 7 and spectrophotometry. 8 Direct potentiometry with chemical sensors provides a selective, precise and fast method for monitoring of various metal ions including Hg 2+ at low concentrations.
A commercially available solid-state iodide sensor with AgI/Ag2S membrane has been suggested for Hg 2+ determination. 9 However, Cu 2+ , Ag + and Au 3+ ions seriously interfere, and the membrane rapidly deteriorates and the response is not Nernstian. Indirect measurements of mercury with a solid-state membrane sensor involve exchange reactions with copper and silver dithiooxamide and diethyldithiocarbamate followed by measurements of the displaced silver and copper ions with Ag2S and Ag2S/CuS membrane sensors, respectively. 10 The use of PVC matrix membrane sensors for Hg 2+ has received much attention. Many sensing agents have been described, including calixarene derivatives containing thiazole azo group, 11 salicylaldehyde thiosemicarbazone, 12 Schiff's bases, 13 ethyl-2-benzoyl-2-phenylcarbamoyl acetate, 14 2-mercapto-benzothiazole or hexathiacyclooctadecane, 15 dibenzodiazathia-18-crown-6 dione, 16 substituted aza crown ionophores, 17 hexathia-18-crown-6 tetrone, 18 1,3-diphenylthiourea, 19 tetrathia-diazacyclotetradeca-2,9-diene, 20 substituted diaza crown ethers, 21 and p-tert-butyl calix-4-crowns with imine units. 22 Most of these sensors, however, exhibit interference from Pb 2+ , 15, 17 Ag + , 11, 12, 15, 17, 21, 22 NH4 + , Na + and K + , 12, 15 Cu 2+ and Zn 2+ . 21 The present work describes two Hg 2+ ion sensors incorporating 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) and tricyclazole (TCZ) as electroactive materials dispersed in PVC matrix membranes. The sensors exhibit high sensitivity, long term stability, and reasonable selectivity for Hg 2+ ions over many common metal ions and can be successfully used for accurate determination of mercury contents of some hazardous wastes.
Experimental

Equipment
All potentiometric measurements were made at 25 ± 0.1˚C with an Orion (Model 720) pH/mV meter (Model SA 720) and a Hg 2+ ion-PVC membrane sensor in conjunction with an Orion Ag/AgCl double junction reference electrode (Model 90-92) filled with 10% (w/v) KNO3. A combination Ross glass pH electrode (Orion 81-02) was used for all pH measurements. The cell used for emf measurements was of the type: Ag/AgCl/KCl (0.1 mol l -1 )/sample test solution//sensor membrane//internal filling solution/AgCl/Ag. The potential readings of stirred 1.0 × 10 -2 to 1.0 × 10 -7 mol l -1 Hg(NO3)2 solutions were measured, recorded after stabilization to ±0.5 mV and a calibration graph was constructed. Atomic absorption spectrometry (cold vapor technique) measurements of mercury were performed using a flow injection mercury system (FIMS), Perkin Elmer Model (AS 90), under the optimized conditions. 1 A microwave sample preparation system (Type MDS-2000), was used for digestion of mercury-containing wastes (fluorescent lamps, mercury lamps, and dental amalgam).
was used for preparing all aqueous solutions. High molecular weight PVC, dioctylphthalate (DOP), sodium tetraphenylborate (NaTPB) and tetrahydrofuran (THF) were purchased from Fluka Inc., Buchs, Switzerland. Metal nitrates, chloride and sulfate were of the highest purity available. Potassium hydrogen phthalate (KHP) buffer (10 -2 mol l -1 ) of pH 3 was freshly prepared. 5,5′-Dithio-bis(2-nitrobenzoic acid) (DTNB) was obtained from Ubichem Limited (Eastleigh, Hampshire). Tricyclazole (TCZ) was purchased from Dow Agrosciences, USA.
Sensor construction
Poly(vinyl chloride)-based Hg 2+ membrane sensors were prepared as described previously, 23, 24 by thorough mixing of 64 mg of PVC powder, 126 mg of DOP plasticizer, 3 mg of DTNB or TCZ ionophore and 2 mg of NaTPB with a 3 ml of THF. The resulting mixture was transferred to a glass Petri dish (3 cm in diameter) and the solvent was evaporated at room temperature for 24 h. The resulting membrane was peeled off from the glass mould and discs of 9-mm i.d. were cut out and glued onto a 7-mm i.d. PVC body (2 cm long) using THF. The tube was filled with 1.0 × 10 -2 mol l -1 Hg(NO3)2 solution of pH 3. An Ag/AgCl coated wire was used as an internal reference electrode. The sensor was conditioned by soaking overnight in 10 -2 mol l -1 Hg(NO3)2 solution and stored in the same solution when not in use.
Sensor calibration
Sensors based on DTNB and TCZ ionophores were calibrated by immersion with an Ag/AgCl double junction reference electrode into a 25 ml beaker containing 9.0 ml of 10 -2 mol l -1 potassium hydrogen phthalate buffer solution of pH 3. Portions (1.0 ml) of 1.0 × 10 -6 to 1.0 × 10 -1 mol l -1 standard Hg 2+ solutions were successively added and the potential response of each sensor was measured after stabilization to ±0.2 mV. Calibration graphs were constructed by plotting the emf reading against the logarithm of Hg 2+ concentrations. The plots were used for subsequent determination of unknown Hg 2+ test solutions.
Sensor selectivity
Potentiometric selectivity coefficients (K pot Hg,B ) of DTNB and TCZ ionophores were evaluated according to IUPAC guidelines using the separate solutions methods. [24] [25] [26] Logarithm Hg 2+ concentrations (log aHg) and the interfering ions (B) vs. sensor response (E) was independently obtained. The intersection of the extrapolated linear portions of this plot indicated the value of the concentration of interfering ion (aB). The concentration that corresponds to the same sensor's potential value was used to determine K pot Hg,B value.
Here, aHg is the activity of Hg 2+ ions, aB is the activity of the interfering ion, and ZHg and ZB are the charges of the primary and interfering ions, respectively.
Determination of mercury in hazardous wastes
A portion (about 2.0 g) of the crushed fluorescent glass tubes or high intensity mercury lamps was transferred to a clean microwave vessel. A 2 ml portion of doubly distilled deionized water and 5 ml of 1 mol l -1 nitric acid solution were added. The mixture was allowed to stand at room temperature overnight. The microwave vessel was then placed in the microwave oven and subjected to rapid heating at elevated pressure (170 PSI). The contents of the vessel were quantitatively transferred to a 25 ml measuring flask, completed to the mark with 10 -2 mol l -1 KHP buffer of pH 3. The Hg 2+ solutions were measured as described above.
Determination of Hg
2+ in dental alloy wastes An accurately weighed portion (0.5 g) of dental amalgam waste was dissolved in a minimum volume of (1:1) HNO3. The mixture was carefully boiled until complete dissolution of the amalgam, cooled at room temperature, transferred into a 100-ml calibration flask and diluted to the mark with deionized water. Aliquots (1.0 ml) of the test solution were transferred to a 25-ml beaker containing 9.0 ml of 10 -2 mol l -1 potassium hydrogen phthalate. The Hg 2+ content was measured as described above.
Results and Discussion
Characteristics of the sensors Poly(vinyl chloride) membranes plasticized with a suitable solvent mediator and incorporating DTNB or TCZ ionophore (Fig. 1) were prepared, characterized and examined as sensors for Hg 2+ ions. Sensors with membranes consisting of 1.5 wt% ionophore, 32.8 wt% PVC and 64.6 wt% plasticizer exhibit linear response to Hg 2+ ions over the concentration range 1.0 × 10 -5 -1.0 × 10 -2 and 3.1 × 10 -5 -1.0 × 10 -2 mol l -1 , and detection limits of 8.0 × 10 -6 and 1.7 × 10 -5 mol l -1 , respectively. The presence of very small amounts of lipophilic negatively charged membrane additives improves the potentiometric behavior of the sensors, and enhances the selectivity, 27 probably due to reducing their ohmic resistance, and catalyzing the exchange kinetics at the sample/membrane interface. 28 Membranes with the composition of 1 wt% NaTPB as a membrane additive, 1.5 wt% ionophore, 32.8 wt% PVC and 64.6 wt% plasticizer, show a slight improvement of the response of DTNB-based sensor and significant improvement of 878 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 (Fig. 2) . Table 1 shows the performance characteristics of both sensors in the presence and in the absence of NaTPB membrane additive.
Effect of pH
A study of the potential-pH relations of membrane sensors based on DTNB and TCZ ionophores reveals that within the pH range 1.8 -3.3, the potentials of the sensors do not vary by more than 2 mV. At pH > 4, the emf values of both sensors sharply decrease due to precipitation of Hg(OH)2. The responses of the proposed sensors were examined in different 10 -2 mol l -1 buffer solutions of pH 3 (Fig. 3) . In potassium hydrogen phthalate buffer, the detection limits are 6. 
Sensor selectivity
The selectivity coefficients of DTNB and TCZ-based membrane sensors were evaluated graphically at fixed potentials of both Hg 2+ ions and interferents (Figs. 4 and 5) . The results reveal that high concentrations of most cations including Ag + , except Pb 2+ , do not affect the selectivity of the sensors towards Hg 2+ ions. Mercury sulfide is known for its high stability and low solubility compared with all other metal sulfides. It seems that the interaction of the ionophores with Hg 2+ ions involves formation of 1:1 ionophore: Hg 2+ adduct. A sensor based on TCZ ionophore exhibits slightly better selectivity for Hg 2+ ions over metal cations compared to that based on DTNB ionophore. However, a sensor based on DTNB ionophore exhibits higher selectivity for Hg 2+ ions in the presence of Co 2+ , Ba 2+ , Cd 2+ , and Cr 3+ ( Table 2 ). The selectivity coefficients of most interferents are in the order of 10 -3 or less, indicating no significant disturbance of the function of both sensors. The selectivity coefficients of Pb 2+ are of the order of 10 -2 and 10 -1 with TCZ and DTNB membrane-based sensors, respectively.
Interference due to Pb 2+ ions is easily circumvented by addition of enough sulfate ions to the test 879 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 Table 1 solution to precipitate lead sulfate prior to measurements.
Structure of metal-ionophore complex DTNB and TCZ reagents were allowed to react with Hg 2+ ions and the reaction products were isolated, examined by elemental analysis. Data for DTNB and TCZ mercury derivatives show: C, 17.01%; H, 1.01%; N, 2.74%; S, 13.57% and C, 22.24%; H, 1.44%; N, 8.64%; S, 13.17%, respectively. These data agree with 1:1 mercury reagent adducts. In fact, the strong affinity of Hg 2+ ions for soft coordination centers like sulfur atoms is well known. 29 
Direct determination of Hg 2+ ions
Certified reference Hg 2+ solutions (1.5 -10 μg ml -1 ) were determined using membrane sensors based on DTNB and TCZ ionophores. The assay method were validated according to the quality assurance standards, 30 using six batches (six determinations each) for measuring accuracy (recovery), precision (standard deviation), range, lower limit of detection (LOD), repeatability (Cv w ) and between-day variability (Cv b ). The results obtained are presented in Table 1 . A statistical analysis of the results was made by calculation of the student's t-value at 95% confidence level. The results show that the tvalue does not exceed the theoretical value, confirming the good accuracy of the obtained results.
Determination of mercury in hazardous wastes
The proposed Hg 2+ sensors were used for direct potentiometric determination of mercury in the wastes of dental amalgam, mercury bulbs and fluorescent lamps. The wastes were crushed to small pieces and digested with nitric acid. The results were compared with data obtained by cold vapor atomic absorption spectrometry (AAS). The results complied in Table 3 clearly indicate good agreement. An F-test reveals that there is no significant difference between the means and variances of the two sets of results.
Conclusions
Potentiometric mercury-selective membrane sensors based on the use of DTNB and TCZ as neutral ionophores, dioctylphthalate (DOP) as a plasticizer, NaTPB as an anionic excluder and PVC as a polymeric matrix show fast, stable, reproducible and selective response characteristics toward Hg 10 -2 mol l -1 ), [14] [15] [16] 20, 21 provide lower detection limit (5.0 × 10 -6 mol l -1 ), 16, 21 show fast response (∼10 s) and exhibit better selectivity than those previously reported Hg 2+ sensors. Applications to the determination of mercury in hazardous wastes are demonstrated; the results compare favorably with data obtained with cold vapor atomic absorption spectrometry. Silver ions, which seriously interfere with many suggested sensors, 9, 10, 16, 20, 21 have little influence on the response of the proposed sensors and the effect of lead ions can be avoided by addition of sulfate ions prior to analysis. 
